Left heart volume and left ventricular mass (LV mass) were calculated from biplane cineangiocardiograms in 58 tetralogy of Fallot (TF) patients preoperatively, in 31 patients after shunt procedure, and in 24 patients after complete correction. Preoperatively, the LV end-diastolic volume and left atrial maximal volume (LAmux) were normal in cyanotic infants less than 2.0 years old and in acyanotic patients more than 2.0 years old. These variables, however, were less than normal in cyanotic children > 2.0 years old. Left ventricular ejection fraction (LVEF) and LV systolic index (LVSI) were both less than normal in all groups preoperatively. LV mass was normal preoperatively. After successful shunt procedure, there was a significant increase (P < 0.01) in LVEDV, LVSI, LAmax, and LV mass. The LVEF, however, remained less than normal. After successful corrective surgery, the total group showed a significant increase (P < 0.01) in LVEDV, LVSI, LAmax, and LV mass as compared with preoperative values. Furthermore, the LVEDV was slightly but significantly higher than normal and the LV ejection fraction remained significantly depressed from normal. There was an inverse correlation between LVEDV or LVSI, expressed as a percent of normal, and hemoglobin concentration but not with the net left-to-right shunt or aortic saturation.
correlation between the degree of left-to-right shunting and each of the following variables: left atrial maximal volume, left ventricular end-diastolic volume, LV systolic output, and LV mass. If similar correlations existed in tetralogy of Fallot (TF) patients, left heart volume determinations could be useful in estimating pulmonary blood flow. A severe decrease in pulmonary flow (QP) might be a cause of significant left ventricular hypoplasia as suggested by previous investigafors.2-6 The extent to which such hypoplasia may occur, as well as the frequency of its occurrence, is not known. In addition, the effect of surgical shunt or corrective surgery on these variables Anterior-posterior (AP) and lateral (Lat) cine frames obtained during cardiac of R.S., who is included in table 3, last group. This patient had a functianing shunt, and these studies were performed 1 month before and 9 months correction.
has been documented in only a few patients shortly following surgery.4
The purpose of this study, therefore, was to:
(1) evaluate left heart volume and left ventricular mass in tetralogy of Fallot patients preoperatively, and (2) quantify the effect of palliative or corrective surgery on these variables.
Methods

Patient Groups
During diagnostic cardiac catheterization in tetralogy patients, 113 studies were obtained and are divided into three major groups. Tetralogy of Fallot in this study was defined as: large ventricular septal defect allowing equalization of right and left ventricular pressure, right ventricular outflow obstruction with normal or decreased pulmonary artery pressure, and bidirectional intraventricular shunting. The preoperative 58 patients (group T) included 40 cyanotic patients with predominant right-to-left shunt and consisted of 15 infants < 2.0 years old (group I a) and 25 children > 2.0 years old (group I b; table 1). The remaining 18 patients (group I c) were acyanotic. In this group, 13 patients were more than 2.0 years old (table 1) , and five patients were less than 2.0 years old (not included in the tables).
Group II included 31 tetralogy patients who had a surgical shunt previously. The indications catheterizations Blalock-Taussig after complete for shunt procedure in a small (body weight < 15.0 kg) tetralogy patient were the presence of one or more of the followingg: (1) hypercyanotic spells, (2) squatting, (3) decreasing exercise tolerance, and (4) rising hemoglobin (Hb) concentration. Some of the patients who underwent shunt procedure had normal or low Hb concentration (10-13 g%), "relative anemia," and were acyanotic. This group consisted of nine patients (group II a) who had ineffective shunt as judged by an elevated or increasing hemoglobin and decreased pulmonary flow on chest film at the time of the study postoperatively, and 22 patients (group II b) who had increased pulmonary flow QP) and a decreasing Hb level after surgery. The time lapse between surgery and study ranged from 2.0 to 16.0 years (mean 7.0 years) in group II a, and from 2.0 to 11.0 years (mean 4.9 years) in group 1I b. In eight patients in group 11 b preoperative volume data was available for comparison. Group III consisted of 24 studies in 23 patients who had successful corrective surgery. Sixteen patients had no residual ventricular shunt, and seven patients had small shunts that were not apparent from oxygen saturation results but were proven by hydrogen electrode studies. Fifteen patients in this group required right ventricular outflow patch at the time of correction. The time lapse between complete correction and postoperative study ranged from 5 days to 8 years (mean 2.50 years). Preoperative shunt preoperatively and in five patients who had no surgical shunt before correction. Patients with an aortic or mitral valve abnormality were excluded from the study.
Data Acquisition
The methods have been described previously in detail.7 8 All data were obtained during diagnostic cardiac catheterization. Patients > 1.0 year old were studied under general anesthesia with nitrous oxide and halothane < 0.5%, and infants less than 1 year old received meperidine (1 mg/kg) premedication. Immediately before the first cineangiocardiogram (cine), the left and right ventricular pressure were recorded using either a micromanometer (SF-1 Statham transducer) or an NIH catheter (no. 5, 6, or 7) connected to a Statham P23Gb transducer. Zero pressure was referenced to midchest. In the same period, the left-to-right and right-to-left shunts were quantified by the Fick method. In addition, right-to-left shunts were quantified by dyedilution curves. The net left-to-right shunt is the sum of left-to-right minus right-to-left shunt. A minus value for the shunt indicates a predominant right-to-left shunt.
Left atrial (LA) and ventricular (LV) volume and LV mass were obtained from biplane cineangiocardiograms which were filmed after injection of 1.25 ml/kg body weight of 75% Hypaque-M (sodium and meglumine diatrizoate, Winthrop Laboratories) into the main pulmonary artery, left atrium, or left ventricle. An example of the anterior-posterior and lateral cine frames utilized for volume calculation is shown in figure  1 . Volumes and mass were calculated according to the area-length method described by Dodge et al. 9 8 Age (Years) 12 16 was calculated only at ventricular end-diastole. Left ventricular volume and mass were corrected by regression equations derived previously in our laboratories. The results for all tetralogy groups are presented in tables 1-3 and figures 2-8. The normal values are included in the tables and the figures for comparison. The heart rate in TF infants preoperatively and in children after complete correction was less than normal for Circulation, Volume XLVI, September 1972 from normal (table 1) . Peak RV pressure in this group was > 40 mm Hg in 10 patients and >50 mm Hg only in two patients. The residual RV outflow-pulmonary artery gradient in this group ranged from 2 to 35 mm Hg (mean-+ SEM: 15 + 3). RV end-diastolic pressure (RVEDP) was significantly higher than normal in all TF groups pre-and postoperatively (table 1). Peak LV pressure was significantly less than normal in cyanotic preoperative tetralogy patients with a net right-to-left shunt (group I a, b) but was (table 1) . The hemoglobin was significantly higher than normal in all preoperative patient groups and in the two groups who had a surgical shunt. The hemoglobin in patients with complete correction averaged 13 + 0.3 (SEM) g%, and was significantly decreased from precorrection values.
Left ventricular end-diastolic volume (LVEDV) was less than normal in cyanotic children > 2.0 years old preoperatively (group I b; table 2; fig. 2 ). This variable increased significantly after either a functioning shunt procedure (tables 2, 3; fig. 3 ) or complete correction (tables 2, 3; fig. 4 ) and averaged 140 and 117% of normal, respectively (table  2) . This variable was normal in cyanotic infants < 2.0 years old (group I a), in acyanotic preoperative patients (group I c), and in patients who had an ineffective shunt procedure (group II a) as shown in table 2 and in figure 2. Left ventricular ejection fraction (LVEF) was significantly (P < 0.001) decreased in all groups as shown in table 2 and figure 5. LVEF decreased from preoperative values in patients who had pre-and postcorrection data (table 3) .
Left ventricular systolic index (LVSI) was also significantly depressed from normal in all groups preoperatively (table 2; fig. 6 ) and increased significantly to above normal levels after an effective shunt procedure (tables 2, 3; fig. 7 ). This variable averaged 3.59 liters/min/ m2 after complete correction (group III), and was significantly higher (P < 0.02) than preoperative values but remained significantly less than normal (tables 2, 3; fig. 8 ). Left ventricular wall mass (LV mass) was normal in tetralogy patients preoperatively and increased significantly after an effectiVe shunt procedure or complete correction (tables 2, 3).
Left atrial maximal volume (LA1iax ) was significantly decreased in cyanotic children > 2.0 years old preoperatively (table 2) and increased significantly (P < 0.001 ) after either successful shunt procedure or complete correction (table 2). This variable was higher (P < 0.001 ) than normal after ani effective Circulation, Volume shunt procedure but was normal after complete correction. All volume and mass variables in the group with complete correction were not different in the 10 patients with RV pressure > 40 mm Hg as compared with the remaining 13 patients with RV pressure < 40 mm Hg. In addition, there was no difference in these variables between patients with RV outflow patch as compared with those who did not have RV outflow patch.
There was a significant inverse correlation between LVEDV and hemoglobin (P < 0.001) and a similar inverse correlation between LV systolic output and hemoglobin (P < 0.05). There was no correlation, however, between volume variables and either net shunt or aortic saturation.
Discussion
The decreased left ventricular end-diastolic volume and left atrial maximal volume in cyanotic tetralogy patients more than 2 years of age suggests that diminished left heart size correlates as well with diminished pulmonary blood flow as does increased left heart size with increased pulmonary flow.' The correlation in this study is shown more clearly by the significant relationship between hemoglobin concentration and LV end-diastolic volume. The lack of a significant correlation between degree of net shunt or aortic saturation and LV volume suggests that hemoglobin more clearly reflects the degree of obstruction to pulmonary flow than the oxygen measurements made at one specific time at rest and under light general anesthesia. Miller et al. 4 found LV volumes in the low nonnal range in 12 of 14 patients with tetralogy of Fallot. In two patients judged to have the severe form of tetralogy, the authors found LV end-diastolic volumes significantly reduced. Thus, diminished LV volume can occur with tetralogy as suggested by Lev and co-workers from postmortem data.3 As might be expected, the more severe the decrease in pulmonary flow, the more likely that the LV volume will be reduced.
It has been suggested2' 3,6, 11 that a small LV volume may play a role in morbidity and mortality in tetralogy patients with severely diminished pulmonary flow. Ten patients in the present study had LVEDV less than 70% of normal, and it was less than 60% in two patients. One of the latter two patients underwent complete correction and expired after a short course of LV failure and signs of pulmonary edema. The proof of any relationship between decreased LV volume and postoperative acute LV failure, however, must await studies in which preoperative LV volumes are related to postoperative monitoring of left atrial pressures and cardiac output in patients with successful correction (adequate relief of right ventricular outflow tract obstruction with no residual ventricular shunt).
Both the LVEDV and LV mass increased in all patients after a successful shunt procedure (tables 2, 3; fig. 3 ), thus indicating the effect of increased pulmonary flow on LV volume and mass. This further indicates that the shunt procedure increases the size of the left heart in Figure 6 12 16
Left ventricular systolic output (expressed preoperative tetralogy patients.
severe tetralogy patients with a small LVEDV and thus can prepare the left heart for future complete correction.1' The LVEDV in tetralogy patients increased in the majority of patients after complete correction and decreased significantly only in two patients with a large shunt preoperatively ( fig. 4 ). This variable was higher than normal in 19 patients, and higher than 120% of normal in 10 patients ( fig. 4 ). It is interesting that there was no correlation between RV pressure or RV outflow patch and LVEDV. Thus the slightly increased volume after correction might be explained by some degree of left heart dysfunction as indicated by the decreased ejection fraction values.
The left ventricular ejection fraction (LVEF) was less than normal in all tetralogy patients. The decreased LVEDV in preoperative patients might be one cause for the depressed ejection fraction in this group. The ejection fraction, however, remained depressed after a shunt procedure and decreased further after corrective surgery (table 3) at which time the LVEDV was increased to normal or above normal values. These findings indicate impaired LV function.
In addition, the impedance to LV ejection Circulation, Volume XLVI, September 1972 as % of normal) as a function of age in all in patients with a large intraventricular communication is less than normal.'2 In cyanotic tetralogy patients, however, the decreased impedance to LV ejection might be related to a lower peripheral systemic resistance in those patients as compared with acyanotic tetralogy patients or normal subjects. Left ventricular ejection in tetralogy patients begins with LV systole during the "isovolumic" contraction period,13 and results in a decrease in LV volume and radius during this period, producing a lower peak systolic tension and decreased afterload. This decreased afterload is reflected in the decreased peak LV pressure in cyanotic tetralogy patients preoperatively. A normal left ventricle should produce a supernormal LV ejection fraction in the presence of a lowered impedance.14 '15 The decreased LV ejection fraction in the preoperative patients thus strongly suggests a depression of LV function in tetralogy patients. Left ventricular systolic output is a close approximation of pulmonary blood flow, but is not equal to pulmonary flow in preoperative tetralogy patients with bidirectional intraventricular shunts.16 LV systolic output, however, did show a similar inverse correlation with thê hemoglobin level as did LV end-diastolic volume. The reason for the lack of correlation between LV systolic output or volume and aortic saturation or net shunt is probably related to ( 1 ) the difficulties in calculating the net shunt in the presence of bidirectional shunt, and (2) the fact that all data were obtained in a resting state. The LV systolic output after complete correction is equal to systemic flow, and the decreased value (P<0.02) in this group (tables 2, 3) is in agreement with that reported by Theye, and Kirklin17 immediately after correction and is consistent with depressed LV function in tetralogy patients. These data clearly illustrate that the left heart volume is decreased in severe tetralogy patients and is associated with a decreased LV ejection fraction. Left heart volume increases after successful shunt surgery or complete correction but LV ejection fraction remains depressed. These findings suggest depressed LV muscle function in tetralogy patients which may be related to histologic alterations which can occur in both right and left ventricles in patients with tetralogy of Fallot.18 
